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Liquid-propellant slosh events occurring during orbital maneuvers of a rocket's upper stage may adversely affect vehicle performance. Mission planners require accurate and validated simulation tools to understand and predict the effects of slosh on the intended trajectory of the vehicle, as well as for propellant and tank thermal management. A coupled rigid-body and fluid-dynamics numerical tool is presented which can be used to predict the effect of internal fluid slosh on a tank's trajectory. To benchmark the numerical tool, a novel experimental framework is presented which examines the influence of liquid slosh on the trajectory of moving tanks with multiple degrees of freedom. The motion history of the tank is measured along with synchronized camera images of the liquid distribution within the tank. The acquired experimental data are used to assess the accuracy of the numerical tool. The predictions from the numerical tool are in excellent agreement with the experimentally measured data over a wide range of tank motion profiles. IQUID sloshing is a result of the relative motion between a liquid and its container. Sloshing problems are of increasing concern in a rocket upper-stage and spacecraft applications. In space, the influence of sloshing liquid propellants may hamper critical maneuvers such as docking of cargo vehicles or pointing of observational satellites. Severe problems with sloshing liquid in spacecraft have been reported. As an example of the potential slosh impact on rocket performance, a prelaunch review of the computational fluid dynamics (CFD) propellant-slosh predictions within the second stage of a Delta IV launch vehicle led to a launch stand-down until the issue could be resolved. The CFD predictions from the same tool varied significantly depending on whether a 4-or 6-degree-of-freedom (DOF) model was used. A worst-case scenario predicted that the liquid hydrogen would not remain constrained in the aft end of the tank and could be ingested into the tank vent-andrelief system, resulting in a thrust imbalance and loss of vehicle control. The analysis team concluded that it was imperative to "determine proper methodology for future Delta IV second-stage propellant-slosh analysis" [1] . In another example, the NEAR satellite went into safety mode because of an unexpected reaction that was possibly due to propellant slosh after an orbital maneuver which caused a one-year delay of the project [2] . Another example of a dramatic propellant-slosh problem occurred at the end of a yaw maneuver during the Apollo 11 first moon-landing mission, and additional thruster activity was needed for course corrections before the lunar lander finally landed at a different spot than originally planned [3] . The experimental characterization of sloshing fluids is a challenging problem. The techniques previously used to quantify slosh behavior are: 1) load cells to measure the support forces holding the tank in which the sloshing motion is taking place, as described in several papers from Southwest Research Institute [4] ; 2) arrays of capacitance probes, such as those used in the Facility for Liquid Experimentation and Verification in Orbit project [5] ; and 3) ultrasonic ranging techniques [6] to estimate the approximate distance from an ultrasonic source to a point in the liquid's surface. This paper proposes the use of image capture of the sloshing liquid's surface, synchronized to multi-axis inertial measurements (such as acceleration) to uniquely characterize a slosh event for a given initial liquid distribution within the tank. The experimental results are then used to benchmark the ability of the coupled numerical tool's prediction to characterize slosh events, in particular in predicting the effect of liquid slosh on the trajectory of a free-moving tank.
With the increase in computational capabilities, the modeling of liquid slosh in various container geometries and coupling with complex motion has become practical using numerical simulations. There are several approaches to the numerical simulation of liquid sloshing. The most popular approach is solving the Navier-Stokes equations with a solution method for a moving free surface employing the finite difference or finite volume discretization schemes [7] [8] [9] [10] . Although both interface tracking and capturing methods are used to generate free-surface solutions, for truly general free-surface motion like sloshing, it is acknowledged that interface capturing methods, such as the volume of fluid (VOF) methods, are preferred. Because of the moving tank walls (unsteady moving boundary conditions), the technique of coupling the fluid-dynamics solver and the rigid-body dynamics solver is introduced for numerical simulation. This coupling technique has made it possible to provide a numerical tool that can simulate liquid slosh coupling with tank motion. This paper examines the use and accuracy of this numerical tool with data measured from a variety of slosh experiments.
II. Experimental Characterization of Ground-Based Slosh Events
Experimental data that allow full characterization of a slosh event provide the means to benchmark numerical predictions. When changes in density and phase transitions are not significant, this can be achieved by an array of cameras, accelerometers (or displacement transducers), and gyroscopic sensors. This paper introduces a novel framework to characterize fluid sloshing in which the time history of the rigid-body acceleration of the tank relative to an inertial frame is sufficient to uniquely characterize a slosh event, provided the initial liquid distribution within the tank is known. The experimental implementation of this approach is based on the simultaneous measurement of the tri-axial acceleration of the sloshing tank, the components of the angular velocity vector, and the three components of the heading vector. These are sufficient to determine the motion of the tank relative to an inertial frame and hence uniquely determine a slosh event.
The experimental characterization of the acceleration of a rigid body can be done in a number of ways. A first approach implies the use of three tri-axial accelerometers attached to three noncoplanar points on the tank. The basic kinematic relationship relating these measurements, for any two points, is
where a B and a A were measured by the accelerometers located at points A and B, and ! are the angular acceleration and angular velocity of the tank about the instantaneous center of rotation, respectively, and r B=A is the relative location of B with respect to A. Three sets of tri-axial measurements (a B , a A , and ) should be sufficient to provide six equations for which the unknowns are the components of and !. However, it had been found that such a system of six equations with six unknowns is sparse and often singular. As a result, when using tri-axial accelerometers, the minimum number required to uniquely determine the rigid-body acceleration of an object is four [11] . A simpler approach consists of one tri-axial accelerometer, three orthogonal angular rate sensors, and one tri-axial magnetometer, and this simpler approach has been implemented in this paper.
For this study, liquid slosh motion is grouped into two categories: 1) Forced motion of a rigid tank by an ideal actuator with infinite mechanical impedance. The prescribed motion of the tank is not affected by the liquid forces pushing back on the tank walls. The motion of the tank is therefore independent of the sloshing liquid forces acting on the tank.
2) Coupled motion of the tank and the sloshing liquid. If the tank's motion is not constrained, the sloshing liquid generates distributed inertial forces that push back on the tank and would alter its trajectory. Figure 1 illustrates the differences in the free motion of a tank filled with a solid mass as compared with a tank partially filled with liquid. Both are subjected to the same initial multi-axis forced base motion (initial acceleration conditions) followed by multi-axis free motion.
The forced base motion histories of the two tanks are identical, even though the tank partially filled with liquid may be experiencing slosh. The free-motion trajectories of the tanks, however, are different. The differences in motion are due to inertial liquid slosh forces acting on the walls of the tank, as well as the changing location of the center of mass C m and inertia of the tank due to liquid reorientation.
III. Numerical Simulation Approach
One of the major objectives of this study is to numerically simulate liquid slosh coupling with tank motion. A numerical simulation technique for coupling a fluid-dynamics solver and a rigid-body dynamics solver is presented. In the proposed technique, at each iteration the tank's motion is solved in the rigid-body dynamics solver and the solution is transferred to the fluid-dynamics solver. The liquid behavior is then calculated using the dynamic tank-wall boundaries, and the resulting liquid forces acting on the tank walls are transferred back to the rigid-body dynamics solver for the next iteration. Figure 2 shows a flow chart of the simulation algorithm, where staggered iteration indicates the data flow from fluiddynamics solver to rigid-body dynamics solver.
The rigid-body dynamics solver assumes that any motion of a rigid body can be split into translational and rotational motions. The velocity of any point on a rigid body is therefore equal to the velocity of any selected point on the object plus the velocity due to the rotation of the object about that point. For 6-DOF motion, a rigid-body dynamics solver selects the object's mass center C m as a base point. and the equations of motion governing the two separate motions are [12] 
where F is the total force, m is the rigid body's mass, T G is the total torque about C m G, and J is moment of inertia tensor about C m G in a forced base motion. For the fluid-dynamics solver, the liquid slosh behavior is solved by using the VOF model. The continuity equation for fluid flow, the momentum equation, and the transport equation for the VOF model are
where is the fluid density, u is the fluid velocity, V f is the volume fraction, A f is the area fraction, p is pressure, is viscous stress tensor, G is gravity, and F is fluid friction. When coupling the fluid-dynamics solver and the rigid-body solver, the fluid pressure is solved at fluid-rigid-body interface, which is the tank wall, and the resultant fluid force is transferred to the rigidbody dynamic solver. The rigid-body dynamic solver solves the total force term, including the resultant fluid force from the fluid-dynamics solver, to calculate the tank displacement. If the stagger iteration is converged, the new tank displacement is taken to the beginning of the next iteration as the new boundary condition of the fluid-dynamics solver. Both the rigid-body domain and the fluid domain are solved in a noninertial reference frame. Grid and time-step resolution studies were performed to ensure independence of the solution.
IV. Experimental Results and Comparison with Numerical Tool Prediction
A series of liquid slosh experiments were performed to produce a data set to benchmark the predictions from the numerical tool discussed in Sec. III. The experiments are classified into three categories:
1) Forced base motion (Sec. IV.A): In this group of experiments, the tank is mounted on a computer-controlled platform, and the motion of the tank is in a single axis and is independent of the liquid slosh forces generated within the tank. The measured acceleration history of the tank is used as the input to the numerical tool. The camera images of the liquid distribution from the experiment are compared with predicted numerical liquid distribution within the tank at identical times.
2) Underdamped free oscillation with initial condition along a single axis (Sec. IV.B): In this group of experiments, the tank is mounted on a platform constrained by springs in tension. An initial displacement from the equilibrium position is applied to the platform, and the tank is allowed to oscillate in 1 DOF. The no-pivot configuration represents single-axis harmonic tank motion with liquid slosh forces affecting only motion along the translational axis. The rotational pivot configuration represents harmonic tank motion with liquid slosh forces affecting the tank motion, because the tank is allowed to also rotate about a pivot point. The purpose of this group of experiments is to determine under what conditions the slosh forces in the tank could alter either or both the translational motion and the rotational motion of the tank as compared with a solid mass under the same initial conditions. No comparisons with the numerical tool were performed for these specific experiments; however, rail friction in the translational axis and pivot friction in the rotational direction were experimentally deduced for input into the numerical tool used in the subsequent section.
3) Underdamped free oscillation with initial rotational displacement about the pivot (Sec. IV.C): In this group of experiments, the tank is free to translate along a single axis and rotate about a pivot point. The liquid sloshing motion is coupled to the tank's motion throughout the experiment. The purpose of this group of experiments is to determine if the numerical tool could accurately predict the coupling between the slosh forces in the tank and the resulting translational and rotational motion of the tank. These results are also compared against the tank's translational and rotational motion when a solid mass is used under the same initial condition.
A. Forced Base Motion
A first set of experiments is based on the 1-DOF forced motion of a tank with a prescribed velocity profile. A cylindrical tank is used as shown in Fig. 3 , with D 1 24:1 cm and H 24:1 cm, and the forced-motion experimental apparatus is shown in Fig. 4 . The tank setup is mounted on a single-axis computer-controlled platform that moves the tank through preprogrammed motion profiles. Figure 4 also shows the set of orthogonal cameras, the location of the accelerometer and the direction of the translation axis, as well as the lighting at the base of the tank used to illuminate the liquid for improved image capture. An acrylic baffle ring was introduced in some of the experiments to investigate the potentially mitigating effects a baffle might have on a slosh wave traveling up the side of the tank. The baffle dimensions (shown in Fig. 3 ) for the experiment are D 2 22:9 cm, d 1:3 cm, and h 11:4 cm. During the experiments, the tank's acceleration is measured by a tri-axial accelerometer along with synchronized camera images of the liquid's distribution within the tank.
The experimental data from the accelerometer are used as the input motion profile to the numerical simulations, and the liquid distribution predictions are compared with the images captured by synchronized cameras over a period of ten s. The following experimental and numerical tool comparison cases are presented: 1) Case 1 uses a no-baffle tank filled with 2000 cm 3 of water and a short base acceleration-deceleration motion period.
2) Case 2 uses a no-baffle tank filled with 2000 cm 3 of water and a long base acceleration-deceleration motion period.
3) Case 3 uses a no-baffle tank filled with 4000 cm 3 of water. 4) Case 4 uses a tank with baffle filled with 4000 cm 3 water. To quantitatively evaluate the numerical tool results, characteristic-feature dimensions of the slosh waves are measured from the experiment images and the numerical predictions. The characteristic features of the selected slosh wave include wave-surface ripple and peak high point. The characteristic features such as wave-surface ripples and peak high point are identified as wave peak location, which is labeled as P in Figs. 5-7. The characteristic-feature dimensions are measured as the image pixel point horizontal distance (along the x axis and denoted by X P ) and vertical distance (along the y axis and denoted by Y P ) to the tank bottom image pixel point (labeled in Figs. 5-7) and then compared with the same location in the numerical results.
Figures 5a and 6a show the measured acceleration of the tank versus time for the short (Case 1) and long (Case 2) base accelerationdeceleration motion periods, respectively, which is also used as the input to the numerical tool for each case. In both cases the acceleration's peak occurs at t 1:15 s. Although the acceleration's Figs. 5b and 6b ) are similar. At this fill volume, the 0.2 s motion profile difference between Case 1 and Case 2 can influence the liquid surface motion dramatically at later times, which can be seen by comparing Figs. 5c and 6c . The motion profile of Case 2 generated a relatively large slosh wave that reached the top of the tank (shown in Figs. 5c and 6c) .
In Cases 1 and 2, the experimentally measured and numerically predicted peak heights of the slosh waves exhibited a 0:3-0:5 s phase delay with the imposed base motion profiles. For example, the base motion acceleration peak occurred at 1.15 s in Cases 1 and 2, but wave peak high locations were observed at 1.4 s (Figs. 5b and 6b) . Similarly, the programed base motion deceleration peak in Case 1 occurred at 1.8 s and the predicted and measured peak high locations occurred at 2.1 s (Fig. 5c ). For Case 2, the programed base motion deceleration peak occurred at 2.0 s, but the measured and predicted peak high location was at 2.5 s (Fig. 6c) . These results are summarized for Cases 1 and 2 in Table 1 .
Cases 3 and 4 now examine a slosh wave in a tank without and with a slosh baffle, respectively, at a higher fill volume. The same base motion profile is applied in Cases 3 and 4 and is shown in Fig. 7a . The sequence of pictures shows the no-baffle-case experiment images and no-baffle numerical predictions (Figs. 7b1, 7c1, 7d, and 7f ). Adjacent to these images are sequences of experiment images and numerical predictions for a tank with a baffle (Figs. 7b2, 7c2 , 7e, and 7g). Figure 7b1 compares an experiment image and a numerical prediction of the liquid distribution at 1.6 s. The figure also shows the excellent agreement of the wave peak location X P ; Y P . Figure 7b2 shows the comparison of the experiment image and numerical prediction at 1.6 s with a slosh baffle inside of the tank. At t 1:6 s, which was 0.3 se after the first acceleration peak on the base motion profile, Case 3 had a higher slosh wave generated that reached the top of the tank, but because of the baffle, the slosh wave in Case 4 was blocked by the baffle and redirected. The numerical tool also captures the general breakup of the slosh wave after striking the baffle. At a later time of 1.9 s, Fig. 7c1 compares an experiment image and numerical prediction of the liquid distribution and shows the slosh wave striking the top of the tank in the no-baffle case, whereas Fig. 7c2 shows the redirection of the slosh wave in the tank with a baffle. The trends are similar in later instances of time for the experiment and numerical simulation and are shown in Figs. 7d-7g . Using the captured images, the peak wave location is estimated to better than 1 mm, and the resolution of the CFD studies is better than 0.1 mm based on grid resolution. Table 1 (Cases 3 and 4) summarizes the comparison results between wave peak location in the experiment and numerical prediction, which are also expressed as percent difference. The percentage differences are calculated as the difference between experimental measurement and numerical prediction height, normalized by the experimentally measured height. For Case 1 at 1.4 s, wave peak location in the liquid surface is 2.1% lower in the numerical prediction than in the experiment. At 2.1 s, the wave peak location in the experiment is 9.3% higher than that of the numerical prediction. However, a similar comparison performed in Case 2 showed 7.5% difference of wave peak location between experiment and numerical prediction at 1.4 s and no difference at 2.5 s, when wave peak location in both experiment and numerical prediction reached their highest point. In Case 3, the wave peak location and the corresponding surface ripple showed 4.1% or less difference between the experimental result and the numerical prediction. The quantitative comparison showed that with less than 10% difference in Cases 1, 2, and 3, the current numerical model had general agreement with the experiment data. The wave peak location comparison of Case 4 at 1.6 s has 14.1% difference. This maximum difference in Case 4 is attributable to the difficulty in identifying the exact wave peak location because of the primary slosh wave breakup into droplets after striking the baffle.
B. Underdamped Free Oscillation with Initial Condition Along a Single Axis
In Sec. IV.A the tank is moved through a predetermined motion profile, and therefore the effects of liquid slosh force within the tank do not affect the tank's motion. In Sec. IV.B, experiments are presented in which liquid slosh forces generated within the tank are allowed to alter the tank's motion, and this section examines under what conditions liquid sloshing forces could alter the tank's translational and rotational motion. In these experiments, the tank is mounted on a platform constrained by springs in tension, and a solenoid is used to apply a repeatable initial displacement from the equilibrium position, as shown in Fig. 8 . After the solenoid is released, the tank is allowed to oscillate in 1 DOF, and an incremental encoder is used to measure the tank's translation motion history. To quantify the deviations, sensitivities of the instrument used were noted before performing any experiment. Sensitivity of the increm- ental encoder is 19:99e 05 m=bit, gyro sensitivity is 9:24e 03 deg = sec =bit, and accelerometer sensitivity is 0:3 mg=bit.
A complete test list comparing the deviation between liquid-mass and solid-mass experiment results is given in Table 2 . In Cases 1-8 there is no rotational motion about the pivot, and this no-pivot configuration represents 1-DOF harmonic tank motion with liquid slosh forces affecting motion only along the translational axis. In Cases 9-16, the tank is free to rotate about the pivot, and this rotational pivot configuration represents harmonic tank motion with liquid slosh forces affecting both the tank's translational and rotational motion. For the pivoting tests in this group, a gyroscope at the pivot axis is used to measure the rotation rate of the tank. The solid-mass test cases provide a baseline to assess the magnitude of the coupling between tank and liquid motion.
The mass ratio of the liquid to the total mass of the experiment platform (including the tank and liquid, frame, and support structure) is an important parameter in the overall behavior of the tank's trajectory for a given initial condition. This is also an important parameter in the performance analysis of rockets and spacecraft. Although the two liquid fill volumes that were used in the nopivoting cases (Cases 1-8) were the same as the two fill volumes used in the pivoting cases (Cases 9-16), the relevant experiment platform mass is different. The difference in the mass of platform arises from a different frame structure used for the no-pivoting and pivoting cases. In the no-pivot cases (Cases 1-8), the total dry mass is 24.1 kg, which consists of the tank, as well as the motion base frame and instrumentation. The mass ratio of liquid to total mass is 7.6% (for a fill volume of 2000 cm 3 ) and 14.2% (for a fill volume of 4000 cm 3 ). For the pivot cases (Cases 9-16), the motion base frame is not included in the dry mass and only the tank and instrumentation is included, which is 4.4 kg. The mass ratio of liquid to total mass was 31.3% (for a fill volume of 2000 cm 3 ) and 47.6% (for a fill volume of 4000 cm 3 ). The masses of the water and the solid are within 2% of each other in all of the following experiments in which comparisons are made between water and a solid (dry-mass surrogate).
In the no-pivot experiments (Cases 1-8 in Table 2 ), the position of the tank as a function of time for any given initial displacement is measured for a tank partially filled with liquid or solid material equivalent. Position versus time data for Case 1 (liquid) and Case 2 (solid) are shown in Fig. 9 , and an average deviation in position between water tests and solid material tests is 1.9%. The average deviation between Case 3 and Case 4 is 3.2%. Because of the low mass ratio, the momentum variation caused by liquid slosh had minor influence on the translational motion in these cases. However, at higher liquid volumes, such as Case 5 and Case 6, the average deviation is 2.7%. The position versus time data for Case 7 and Case 8 are shown in Fig. 10 , which had a measured average deviation of 4.2%. Although the deviations in position versus time observed in Fig. 9 and in Fig. 10 are small, these differences are within the measurement sensitivity of the linear encoder. The difference in frequency is attributable to a combination of small differences in the mass of the water and solid (a 1% uncertainty in the mass can lead to a 0.5% different in frequency) as well as to the effects of the liquid slosh, which are also small for these experiments. The figures demonstrate that the liquid slosh dynamics do not have a significant impact on the decaying harmonic motion of the system. The larger the initial deflection of the springs, the more momentum the system gained and the larger the observed coupling effect between liquid motion and tank motion. The results are summarized in Table 2 .
In the pivot experiments (Cases 9-16 in Table 2 ), the linear position of the tank and the rotation rate of the tank about the pivot as a function of time for any given initial displacement is measured for a tank partially filled with liquid or solid material equivalent. The maximum deviation in linear position of the tank between the liquid and solid experiments varied from 3.8% to 19.5%, and the average deviation varied from 1.1% to 4.8%. Examples of differences in linear position between Cases 9 and 10 are shown in Fig. 11 , and differences in linear position between Cases 13 and 14 are shown in Fig. 12 . The differences in rotational behavior of a tank filled with liquid or solid about its pivot point as can be seen from the gyroscope output is shown in Fig. 13 for Cases 9 and 10 and in Fig. 14 for Cases 13 and 14.
The role of fluid damping on the tank's rotation about its pivot is apparent in the gyro data of Figs. 13 and 14. For both fill volumes, the water within the tank initially responds to the imposed linear motion like a solid body before the fluid begins to slosh and damps the rotational motion of the tank. Fluid slosh within the tank combined with gravitational force on the fluid relocates the liquid against the pendular motion of the tank. The fluid damps the rotation more effectively in the higher fill level case because most of the liquid mass deforms and moves to oppose the tank's rotation. As the liquid fill level is further increased, the fluid damping becomes less pronounced because most of the liquid mass begins to behave more like a solid body, and in the limit of a completely filled tank no fluid damping occurs. In all cases, the changing overall moment of inertia of the tank partially filled with liquid leads to a reduced rotation rate as compared with the same tank filled with a nondeformable solid.
In these sets of experiments it is observed that with small initial force (initial displacement of 7.6 cm), the liquid slosh force has more effect on both translation and rotation motion of the tank as compared with a higher initial force (initial displacement of 15.2 cm). This is because the tank mounted on the platform base gains more momentum from the higher initial force than the slosh forces generated within the tank. Table 2 shows the deviation in position and rotation rate for Cases 9-16. Cases 11 and 12 and Cases 15 and 16 have a larger initial displacement (15.2 cm), and Cases 9 and 10 and Cases 13 and 14 have a smaller initial displacement (7.6 cm). The cases with the smaller initial displacement demonstrate a more pronounced deviation in the linear position and rotation of the tank partially filled with liquid over the dry solid cases.
In Figs. 11 and 12, the differences measured in the position data are much larger than those seen when compared with Figs. 9 and 10, respectively. Again, these measurements are well within the sensitivity of the linear position encoder, and these data were acquired using the exact same mass of liquid and solid as the no-pivot experiments, indicating that the differences are attributable solely to liquid slosh. The deviations in the rotation data for the liquid and the solid are also well within the sensitivity of the gyro used to measure the rotation rate of the tank. No comparisons with the numerical tool were performed for these specific experiments. However, rail friction in the translational axis and pivot friction in the rotational direction were experimentally deduced for input into the numerical tool used in Sec IV.C. To estimate dry friction on the linear bearings, underdamped free oscillations is measured with the springs connected. The solid block is placed in the tank and the base velocity is compared with that of an ideal rigid-body dynamics model for different initial spring deflections. The dry friction coefficient is thus estimated from velocity data and standard vibration equations. Similarly, the friction coefficient at the pivot bearings is determined by conducting fixed-mass pendulum tests. The measured rotational rate is compared with that estimated from rigid-body pendulum simulations, and the friction coefficient is estimated as mentioned in the preceding sentences. In Sec. IV.B, a set of experiments is performed to investigate the conditions under which the liquid slosh forces inside of a tank could alter its motion history as compared with the same initial conditions using a solid mass. In Sec. IV.C, experiments are performed in which both the translation and rotation of the tank are affected by the slosh forces within the tank. However, unlike the experiments of Sec. IV.B, the driving and restoring motion springs connected to the tank's translation motion are not used. Instead, an initial force is provided in the translation direction using an air-driven actuator, and then the tank is free to travel in the translation direction as well as pivot. The experimental setup is shown in Fig. 15 and includes two tri-axial accelerometers, one gyroscopic angular velocity sensor attached to the pivot shaft, and an incremental encoder. Estimates of the linear and rotational dry friction forces acting on the corresponding bearings were determined from Sec. IV.B for inclusion into the numerical model.
Four tests with two fill volumes (2000 cm 3 and 4000 cm 3 ) were conducted, and the time period for each experiment was 7 s (from base motion start to base motion complete stop). At each fill volume, the experiments were repeated with the tank filled with either liquid or a solid mass. Figure 16 shows the acceleration history of the 4000 cm 3 tests. The first peak in the plot is the initial acceleration provided by the air-driven actuator (t 0:06 s to t 0:21 s.). The comparison between liquid and solid-mass tests shows that the airdriven actuator provided identical, repeatable initial accelerations for either the tank partially filled with liquid or the tank containing the solid mass. The second acceleration peak occurred when the system hit the limit bumper at the end of the rails and bounced back, and during this time there is a measureable difference in the tank's acceleration history between the partially filled liquid and solid-mass cases.
In the numerical simulations, both peaks in the acceleration history are used as input conditions. Simulation cases of solid-mass experiments were performed first using a rigid-body dynamics solver, and the agreement was found to be better than 1% with the corresponding measurements. The results for the liquid experiments, solid-mass experiments, and the corresponding numerical simulations of the tank partially filled with liquid are compared using the translation velocity and rotation rate. Figures 17 and 18 show the linear velocity comparison for two different volumes of liquid and corresponding solid mass. As can be seen from the figures, there is a noticeable difference between the translation motion profiles in these two cases. The figures also show the results from the numerical model using as its input only the translational acceleration history provided by the air-driven actuator and the bumper. The results from the numerical tool match the experimental results of liquid to a high degree of accuracy.
Figures 19 and 20 examine the rotation rate of the tank about the pivot point for the same experiments (same translational accelerations) shown in Figs. 17 and 18. Figures 19 and 20 show the deviation in the rotation rate between the tank partially filled with liquid and the tank containing the solid mass. After about 3 s into the experiment, the tank with liquid behaves very differently from the tank containing the solid (and the rotational motion is not damped sooner than the solid). Figures 19 and 20 also show the predicted results from the numerical tool for the tank partially filled with liquid, again given only the initial translational acceleration condition. The numerical model does an excellent job of predicting the magnitude and frequency of the rotation about the pivot point for the tanks partially filled with liquid. In addition, comparing Fig. 19 vs Fig. 20 , the effect of fill volume can be seen. The tank with the lower fill volume shows a more pronounced deviation from the solid-mass case than the tank with the higher fill volume.
Again, the differences seen in both the position data and from the rotation rate data are within the sensitivity of the two measurement instruments, and the deviations between the water and the solid histories observed in Figs. 17-20 are attributable to liquid slosh dynamics. Furthermore, measured data from multiple repeatability tests of these experiments duplicated slosh-attributable phenomena seen in Figs. 17-20.
A summary of results is presented in Table 3 . The linear velocity of the tank partially filled with liquid deviated a maximum of 43% compared with the solid mass at a fill volume of 2000 cm 3 , and the deviation reduced to a maximum of 29% for the 4000 cm 3 fill volume.
The same trend in reduction of deviation in peak rotation rate is also observed as the fill volume is increased. In the case of the lower fill volume, the system comprised of tank, frame, and cameras gains less momentum with an initial acceleration input. The lower momentum of the system makes it more susceptible to the liquid sloshing forces within the tank as compared with the higher fill volume case. Excellent agreement between the experimental results and numerical tool prediction is observed based on the average deviation range, which varied from 8.7% to 10.5%.
The average deviation between the numerical prediction and experiments from Sec. IV validates the hypothesis that a coupled fluid-dynamics solver and a rigid-dynamics solver are capable of accurately predicting the onset of the slosh within a tank and also predict the perceptible change in the tank's trajectory.
V. Conclusions
A novel framework for the experimental and numerical characterization of liquid slosh events on the motion of a tank is presented. A set of orthogonal cameras is used to capture images of the liquid slosh that are synched in time to the measured tank accelerations. The measured accelerations of the tank are then used as the input to the coupled numerical tool to simulate the slosh event as well as the trajectory of the tank. The comparisons between the experiment images and numerical predictions included frame-byframe assessment of the sloshing liquid at various times as well as predictions of the deviation in the tank's trajectory due to the coupling of liquid slosh forces within the tank. Specifically, 1) The experimental results demonstrate that the simultaneous measurement of the rigid-body acceleration of the tank relative to an inertial frame is sufficient to characterize a slosh event. The approach provides an image of the liquid's sloshing surface which is synchronized to the corresponding rigid-body acceleration time history of the tank. The resulting experimental data were used to benchmark the numerical tool. For cases without coupling between the fluid motion and the tank trajectory, the agreement between experiment and numerical tool on the slosh prediction is typically better than 10%.
2) The numerical tool is capable of predicting the motion coupling between the forces of the sloshing liquid acting on the tank and the tank's resulting motion. For the cases examined in this paper, typical levels of deviation due to liquid slosh impacting the tank's trajectory versus using a dry (nonsloshing) mass were 65%, and the ability of the coupled numerical tool to capture this effect was about 10%. Current work is in progress to validate the tools using experiments performed in a microgravity environment, using research aircraft and a dedicated slosh experiment on the International Space Station.
